Introduction
============

In China, at present, \>60% of all malignant tumors are diagnosed to be in the digestive system, with colon and gastric cancer being the most frequently diagnosed types of cancer ([@b1-ol-0-0-6815]). In 2008, colon cancer was the third most common cancer in males and the second in females with \>1.2 million novel cases diagnosed ([@b2-ol-0-0-6815]). Additionally, gastric cancer was the fourth most common cancer worldwide, with a total of 989,600 novel cases of stomach cancer in 2008 ([@b2-ol-0-0-6815]). Although the rates of mortality in gastric cancer have declined in a number of developed countries, mainly due to improvements in quality of life and treatment, high mortality rate and poor prognosis remain on the increase in many developing countries ([@b2-ol-0-0-6815]). Conventional therapies involving surgery, chemotherapy, and radiation therapy are often unable to eradicate all tumor cells and hence have low rates of efficacy ([@b3-ol-0-0-6815]). In 2015, the American Society of Clinical Oncology announced that strategies of using combination therapies have been indicated to be effective against many types of cancer ([@b4-ol-0-0-6815]). Successful examples of synergistic combination therapy may provide a novel approach for gastrointestinal cancer therapy ([@b4-ol-0-0-6815]).

There is a link between the nervous and digestive system ([@b5-ol-0-0-6815]). The digestive system is the most complicated nervous system other than the central nervous system, with hundreds of millions of independent nerve cells ([@b6-ol-0-0-6815]). Some drugs used in the treatment of neurological disorders are also often used to relieve gastrointestinal discomfort ([@b7-ol-0-0-6815]). Therefore, using drugs that target the nervous system to treat the digestive system cancer may provide novel treatment avenues.

Thioridazine (THZ), a phenothiazine derivative that acts as an antipsychotic drug, has been previously reported to selectively inhibit leukemic cancer stem cells ([@b8-ol-0-0-6815]). It was also reported that THZ is able to exhibit potent antitumor effects in gastric, breast, ovarian, cervical and endometrial cancer ([@b9-ol-0-0-6815]--[@b12-ol-0-0-6815]). THZ is also able to inhibit angiogenesis by targeting the vascular endothelial growth factor receptor 2/phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) signaling pathway in ovarian cancer xenografts ([@b11-ol-0-0-6815]). THZ has also been demonstrated to exhibit anti-cancer effects via the PI3K/Akt/mTOR signaling pathway in cervical and endometrial cancer cells ([@b12-ol-0-0-6815]).

Loratadine (LOR), a well-known, oral anti-histamine used worldwide, has been reported to inhibit the growth of human colon cancer cells by inducing G2/M phase cell cycle arrest and apoptosis via caspase-9 ([@b13-ol-0-0-6815]).

Here, the authors of the present study hypothesized that THZ is able to mediate a synergistic effect with LOR for the treatment of gastrointestinal cancer, and the underlying molecular mechanisms were subsequently investigated.

Materials and methods
=====================

### Cell culture, reagents and antibodies

Mouse colon cancer cells (CT26.WT) and mouse gastric cancer cells (MFC) were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and maintained in RPMI-1640 medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) in a humidified incubator with 5% CO~2~ atmosphere at 37°C. THZ and LOR were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). The following antibodies were used in the present study: Anti-Akt (cat. no. 9272), anti-phospho-specific Akt (cat. no. 4060), anti-PI3K (cat. no. 4249), anti-phospho-specific PI3K (cat. no. 4228), anti-mTOR (cat. no. 2983), anti-phospho-specific mTOR (cat. no. 5536), anti-β-actin (cat. no. 3700) and Cleaved Caspase Antibody Sampler kit (cat. no. 9929; all Cell Signaling Technology Inc., Danvers, MA, USA).

### Cell-counting kit-8 (CCK-8)

Inhibition of proliferation was quantified using CCK-8 (CK04; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) following the manufacturer\'s instructions. A total of 1×10^4^ cells were seeded in each well of 96-well plates overnight, and treated with THZ or LOR (1, 5, 10, 25, 50 or 75 µM), or a combination of THZ and LOR. After 24 h, 10 µl CCK-8 kit solution was added to each well. Subsequently, the cells were incubated for another 2 h, and the absorbance at 450 nm was measured by using a microplate reader. Each individual measurement was repeated three times.

### Evaluation for combination index (CI)

The synergistic inhibitory effects of THZ and LOR were calculated according to the Chou-Talalay method ([@b14-ol-0-0-6815]). CI is a quantitative measure of the degree of interaction between drugs according to the absorbance of each group and is calculated as follows: CI = AB/(A × B), where AB is the ratio of the combination groups to the control group and A or B is the ratio of the single group to the control group. A value of CI\<1 indicates synergism, and CI =1 denotes additive effects. A value of CI\>1 indicates antagonism.

### Apoptosis assay

A total of 5×10^5^ cells were seeded in 6-well plates overnight. The cells were treated with 10 µM THZ or 25 µM LOR, or a combination of 10 µM THZ and 25 µM LOR respectively for 24 h. The cells were then washed twice with PBS, and stained with Annexin V and propidium iodide (PI) in binding buffer for 15 min, according to the manufacturer\'s protocols (BD Biosciences, Franklin Lakes, NJ, USA). The cells were then analyzed using flow cytometry (BD Biosciences).

### Animals and mouse xenografts

A total of 30 female BALB/c mice (four- to six-weeks-old) were supplied by the Guangdong Medical Laboratory Animal Center (Guangzhou, China). The mice were housed in a temperature-controlled room with alternating 12 h light/dark cycles at 18--22°C and 40--70% humidity and fed a standard diet until euthanasia at the predetermined end-point, 35 days, when the tumors reached a mean size of 200 mm^3^. CT26.WT cells (5×10^5^ cells/mouse) in 0.1 ml were injected subcutaneously into the right flank of mice (weight, \~20 g). When the tumors volume reached \~100 mm^3^ on day 7, the mice were treated orally (25 mg/kg LOR; 5 mg/kg THZ) every 2 days for 5 weeks. The sizes of the tumors were measured using calipers, and tumor volume (mm^3^) was calculated according to the formula: Volume = (length × width^2^)/2 ([@b11-ol-0-0-6815]). All animal experiments were approved by the Laboratory Animal Welfare and Ethics Committee, School of Medicine, Shenzhen University (Shenzhen, China).

### RNA extraction and quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Total RNA from CT26.WT cells and MFC cells was extracted using TRIzol (Thermo Fisher Scientific, Inc.) and was reverse transcribed using the Reverse Transcription system, High-Capacity cDNA Reverse Transcription kit, (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer\'s instructions. Reverse transcription was performed at 42°C for 60 min following incubation at 95°C for 5 min. Amplification of specific products was performed with the following cycle profile: 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10 min, 40 cycles at 95°C for 15 sec and 60°C for 1 min, followed by the thermal denaturation protocol. RT-qPCR was performed using an MxPro Mx3000P Sequence Detection system (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, USA) and Thunderbird SYBR qPCR mix (QPS-201; Toyobo Co., Ltd., Osaka, Japan). The primers were designed using Primer 5 software (PREMIER Biosoft International, Palo Alto, CA, USA). The primer sequences are as follows: Mouse PI3K forward, 5′-CACTCGTCACCATCAAACATGA-3′ and reverse, 5′-AGGGTTGAAAAAGCCGAAGGT-3′; mouse Akt forward, 5′-ATGAACGACGTAGCCATTGTG-3′ and reverse, 5′-TTGTAGCCAATAAAGGTGCCAT-3′; mouse mTOR forward, 5′-CAGTTCGCCAGTGGACTGAAG-3′ and reverse, 5′-GCTGGTCATAGAAGCGAGTAGAC-3′. β-actin forward, 5′-GATCATTGCTCCTCCTGAGC-3′ and reverse, 5′-ACTCCTGCTTGCTGATCCAC-3′. Transcript levels were calculated using the comparative Cq method (2^−ΔΔCq^) and normalized to β-actin expression ([@b15-ol-0-0-6815],[@b16-ol-0-0-6815]).

### Western blott analysis

Whole-cell lysates were harvested and lysed with M-PER Protein Extraction reagent (Pierce; Thermo Fisher Scientific, Inc.) with protease inhibitor cocktail (P8340, Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Equal quantities of the extracts (10 µg) were resolved by 12% SDS/PAGE and electrophoretically transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked at room temperature for 1 h in TBS containing 0.05% Tween-20 (TBST) and 5% non-fat milk powder, and then incubated overnight with primary antibodies (1:1,000) at 4°C. Following three washes with TBST, the membranes were probed with the corresponding secondary antibody (Anti-rabbit IgG, horseradish peroxidase-linked antibody; cat. no. 7074; Cell Signaling Technology) for 1 h at room temperature. The membranes were washed again 3 times in TBST, and the protein were visualized using an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

### Statistical analysis

Data are presented as the mean ± standard deviation. Student\'s t-test was used for comparisons of two independent groups. For comparisons of ≥3 groups, one-way analysis of variance was performed. GraphPad-Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to perform the statistical analyses. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Treatment with THZ and LOR inhibits the growth of mouse gastrointestinal carcinoma cells in vitro

To investigate the cytotoxic effect of THZ and LOR on mouse gastrointestinal carcinoma cells, CT26.WT and MFC cells were treated with various concentrations of THZ or LOR for 24 h, viability was then measured by using CCK-8 assay. Both drugs were demonstrated to have an inhibitory effect on the growth of the cells in a dose-dependent manner ([Fig. 1](#f1-ol-0-0-6815){ref-type="fig"}). Furthermore, treatment with 10 µM THZ or 50 µM LOR resulted in approximately 30--40% reduction in viability of CT26.WT cancer cells ([Fig. 1A and C](#f1-ol-0-0-6815){ref-type="fig"}) as well as MFC cells ([Fig. 1B and D](#f1-ol-0-0-6815){ref-type="fig"}).

To further determine the potential synergistic growth-inhibitory effects of THZ and LOR combination treatment, the viability of the cells treated with single and combined treatment were analyzed using the CI value ([Fig. 1E and F](#f1-ol-0-0-6815){ref-type="fig"}). Treatment with a combination of THZ (10 µM) and LOR (25 µM) resulted in synergistic inhibition, where the CI value was 0.78 for CT26.WT cells and 0.55 for MFC cells. 10 µM THZ and 25 µM LOR were selected for further studies investigating the mechanism of action.

### Treatment with THZ and LOR induces apoptosis

To detect whether treatment with THZ or LOR or THZ and LOR combination treatment induced gastrointestinal cancer cell apoptosis, annexin V/PI double staining assay was performed. The data revealed that the combination treatment resulted in an increase in the percentage of early (lower right) and late (upper right) apoptosis compared with the control. The total percentage of apoptosis (sum of early and late stage) was 11.92±2.7% in the combination-treated group, compared with 5.5±1.8% in the THZ treatment group of CT26.WT cells ([Fig. 2A](#f2-ol-0-0-6815){ref-type="fig"}, P\<0.05). The effects of THZ and LOR treatment in MFC cells were also compared, and similar apoptosis patterns between the two treatment groups were observed ([Fig. 2B](#f2-ol-0-0-6815){ref-type="fig"}, P\<0.05).

Subsequently, it was analyzed whether this effect on apoptosis was associated with the activation of caspase-3. Western blotting revealed that treatment with THZ and LOR markedly increased caspase-3, −9 and PARP cleavage in CT26.WT and MFC cells ([Fig. 2C](#f2-ol-0-0-6815){ref-type="fig"}), suggesting that the combination treatment induced apoptosis of gastrointestinal cancer cells in a caspase-dependent manner.

### Treatment with THZ and LOR inhibits mouse colon cancer cell proliferation in vivo

Next, it was investigated whether the combination of THZ (5 mg/kg) ([@b7-ol-0-0-6815]) and loratadine (25 mg/kg) ([@b10-ol-0-0-6815]) had higher rates of therapeutic efficacy compared with *THZ or LOR* treatments for BALB/c mice bearing CT26.WT tumor xenografts. Although treatment with THZ alone resulted in a reduction in tumor growth, the combination treatment was more effective in inhibiting tumor growth compared with treatment alone with THZ or LOR ([Fig. 3A](#f3-ol-0-0-6815){ref-type="fig"}). In addition, the combination treatment significantly reduced tumor weight and reduced volume \>50% compared with the control mice ([Fig. 3A-C](#f3-ol-0-0-6815){ref-type="fig"}).

### Synergistic suppression of the PI3K/Akt/mTOR signaling pathway by combination treatment with THZ and LOR

THZ has been previously shown to induce apoptosis by suppressing the PI3K/Akt/mTOR signaling pathway in cervical and endometrial cancer cells ([@b12-ol-0-0-6815]). Therefore, it was investigated whether the effects of the combination treatment may also be mediated via the PI3K/Akt/mTOR signaling pathway.

The level of PI3K, Akt and mTOR mRNA was quantified by qRT-PCR ([Fig. 4](#f4-ol-0-0-6815){ref-type="fig"}). Treatment with THZ alone resulted in decreased transcription of PI3K ([Fig. 4A and B](#f4-ol-0-0-6815){ref-type="fig"}), Akt ([Fig. 4C and D](#f4-ol-0-0-6815){ref-type="fig"}) and mTOR ([Fig. 4E and F](#f4-ol-0-0-6815){ref-type="fig"}) in CT26.WT and MFC cells compared with control (P\<0.05), but the effects of the combination treatment was more significant compared with THZ alone (P\<0.05).

The phosphorylation of Akt at Ser473, PI3K at Tyr458 and mTOR at Ser2448 was also verified using western blotting ([Fig. 4G](#f4-ol-0-0-6815){ref-type="fig"}). As expected, following combination treatment, the cells exhibited a marked decrease in phosphorylation of PI3K, Akt and mTOR. Taken together, these data suggest that combination treatment targets the PI3K/Akt/mTOR signaling pathway, which leads to the inhibition of tumor growth.

Discussion
==========

Due to the limited efficiency of single agents in cancer treatment, there is growing evidence indicating that combination therapies can augment the effectiveness of single agents ([@b4-ol-0-0-6815]). THZ, which is used extensively for the treatment of psychotic diseases, has been reported to selectively target leukemic cancer stem cells ([@b8-ol-0-0-6815]) and have demonstrated angiostatic effects mediated via inhibition of the vascular endothelial growth factor receptor-2/PI3K/mTOR signaling pathway in ovarian cancer xenografts ([@b11-ol-0-0-6815]). THZ is also capable of inducing cancer cell apoptosis in various types of cancer ([@b17-ol-0-0-6815]--[@b19-ol-0-0-6815]). LOR, an oral anti-histamine agent used worldwide, has been demonstrated to mediate antitumor effects by arresting human colon cancer COLO 205 cells at the G2/M phase ([@b13-ol-0-0-6815]).

In the present study, it was demonstrated that treatment with a combination of THZ and LOR dramatically suppressed growth in colon and gastric cancer cells by inducing apoptosis. The mechanisms were mediated by inhibition of the PI3K/Akt/mTOR signaling pathway. Furthermore, in BALB/c mice bearing CT26.WT colon tumor xenografts, the combination treatment inhibited tumor growth more effectively compared with treatment with THZ alone and LOR alone, respectively. As expected, the volume of tumors treated with THZ and LOR was 70% smaller compared with the volume of the controls. These results indicate that the combination treatment with THZ and LOR was able to mediate anti-gastrointestinal cancer effects.

When evaluating the effect of the agents on cell growth, it was observed that only relatively high concentrations of THZ (10 µM) or LOR (50 µM) alone exhibited cytotoxicity against CT26.WT and MFC cells. However, treatment with a combination of THZ (10 µM) and LOR (25 µM) resulted in a synergistic effect, with a CI value of 0.78 for CT26.WT cells and 0.55 for MFC cells.

Based on these findings, the effect of the combination treatment on apoptosis was further investigated. It was observed that the combination treatment resulted in a marked increase in the percentage of apoptotic cells compared with treatment with single drugs.

It has been previously demonstrated that induction of tumor cell apoptosis is the most effective therapeutic strategy for eliminating cancer cells ([@b20-ol-0-0-6815],[@b21-ol-0-0-6815]). The mechanisms of the apoptosis response involve caspase activation, specifically the expression of caspase-3 and 9, which are the key components of apoptosis response ([@b22-ol-0-0-6815]). In the present study, following combination treatment with THZ and LOR, the expression of cleaved forms of caspase-3 and 9 was markedly higher compared with the control, indicating greater caspase-3 and caspase-9 activities and increased apoptotic capability. The expression of cleaved PARP, which is another downstream effector, was also upregulated when treated with a combination of THZ and LOR compared with the control.

A previous study revealed that PI3K/Akt/mTOR signaling pathway is inhibited by THZ in cervical and endometrial cells ([@b11-ol-0-0-6815]). PI3K/Akt/mTOR is one of the major signaling pathways that have been identified to exert key roles in various physiological processes in human malignant tumors ([@b23-ol-0-0-6815]). Upregulation of the PI3K/Akt/mTOR signaling pathway has been demonstrated to reduce apoptosis of tumor cells and increase proliferation. Therefore, inhibition of the pathway suppresses tumor cell growth and increases the cytotoxic effect of conventional chemotherapeutic agents in numerous solid tumors ([@b24-ol-0-0-6815],[@b25-ol-0-0-6815]). PI3K coordinates cell growth, cell cycle entry, cell migration and cell survival ([@b26-ol-0-0-6815]). Akt activity is modulated by phosphorylation via PI3K, which recruits Akt to the plasma membrane ([@b27-ol-0-0-6815]). Activation of Akt results in cell cycle progression, survival, migration and metabolism through phosphorylation of a number of downstream effectors, including caspase-9 ([@b28-ol-0-0-6815]), forkhead transcription factors ([@b29-ol-0-0-6815]) and mTOR ([@b30-ol-0-0-6815]). mTOR is a Ser/Thr protein kinase ([@b31-ol-0-0-6815],[@b32-ol-0-0-6815]) that functions as an ATP and amino acid sensor to regulate tumor growth, cell proliferation and protein synthesis ([@b33-ol-0-0-6815],[@b34-ol-0-0-6815]). In the present study, RT-qPCR results indicated that the expression of PI3K, Akt and mTOR mRNA was significantly decreased when the cells were treated with THZ and LOR together compared with cells treated with THZ alone. Additionally, the protein levels of activated phosphorylated forms of PI3K, Akt and mTOR were also downregulated when treated with combination therapy compared with cells treated with THZ alone.

In summary, to the best of our knowledge, the present study is the first to report that treatment with a combination of THZ and LOR exhibited favorable anti-gastrointestinal cancer effects in *in vitro* and *in vivo* experiments, suggesting that it may be a potential strategy for the treatment of gastrointestinal tumors.
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![Thioridazine and loratadine inhibited proliferation of CT26.WT and MFC cells *in vitro*. (A and B) CT26.WT and MFC cells were treated with THZ (0, 1, 5, 10, 25, 50 and 75 µM), and proliferation assay was performed at 24 h. (C and D) CT26.WT and MFC cells were treated with LOR (0, 1, 5, 10, 25, 50 and 75 µM), and proliferation assay was performed at 24 h. Viability was measured by CCK-8 assay following treatment with various THZ concentrations plus LOR (25, 50 and 75 µM) in (E) CT26.WT and (F) MFC cells. Combination index value was analyzed. CI \<1 indicates a synergistic effect. All data represent the mean ± standard deviation of ≥3 independent experiments. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. Con, control; LOR, loratadine; THZ, thioridazine; OD, optical density.](ol-14-04-4573-g00){#f1-ol-0-0-6815}

![CT26.WT cells were treated with the combination of 10 µM THZ and 25 µM LOR, and apoptosis assay was performed at 24 h. (A) CT26.WT cells were incubated with THZ and/or LOR treatment for 24 h, followed by annexin V/propidium iodide double staining to evaluate early- and late-stage apoptosis. (B) Similar procedures were performed in MFC cells. The histograms indicate the percentage of apoptotic cells, and data represent the mean ± standard deviation of ≥3 independent experiments. (C) The level of caspase-3, −9 and cleaved-PARP expression was detected by western blotting. β-actin was used as a loading control. \*P\<0.05, \*\*P\<0.01. LOR, loratadine; THZ, thioridazine; PARP, poly (ADP-ribose) polymerase 1.](ol-14-04-4573-g01){#f2-ol-0-0-6815}

![Combination treatment with THZ and LOR inhibited tumor growth *in vivo*. (A) Growth curves of tumors derived from CT26.WT cells, which were pretreated with THZ and/or LOR. (B) Morphology of tumors treated with THZ, LOR or a combination of THZ and LOR on day 35. (C) The weight of excised tumors from each treatment group was measured on day 35. \*P\<0.05, \*\*\*P\<0.001. Con, control; LOR, loratadine; THZ, thioridazine.](ol-14-04-4573-g02){#f3-ol-0-0-6815}

![Western blot analysis of PI3K/Akt/mTOR signaling pathways. Quantitative reverse transcription polymerase chain reaction demonstrated that decreased expression of (A and B) PI3K, (C and D) Akt and (E and F) mTOR in CT26.WT and MFC cells in the combination treatment group compared with the THZ treatment group. (G) Combination therapy decreased the phosphorylation of major components of the PI3K/Akt/mTOR signaling pathways. Total cell lysates were prepared and analyzed by immunoblotting using antibodies against p-PI3K, p-Akt and p-mTOR. \*P\<0.05, \*\*P\<0.01. Con, control; LOR, loratadine; mTOR; mammalian target of rapamycin; p, phosphorylated; PI3K, phosphoinositide 3-kinase; THZ, thioridazine.](ol-14-04-4573-g03){#f4-ol-0-0-6815}
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